Introduction
Amyotrophic lateral sclerosis (ALS) is the most common fatal paralytic disease affecting the adult population involving the selective degeneration of upper and lower motoneurons from the spinal cord, cortex, and brainstem. The loss of motoneurons results in progressive muscle weakness, atrophy, paralysis, and generally an early death of the patient.
1,2 Alterations in more than 15 genes have been identified in familial ALS (fALS) (reviewed in ref. 3) , including mutations in SOD1 (superoxide dismutase 1, soluble), 4 TARDBP/TDP43 (TAR DNA binding protein), 5, 6 FUS (fused in sarcoma), 7, 8 and the recently defined hexanucleotide repeat expansions in the intronic region of C9orf72. 9 Mutations in the genes encoding SOD1 together with C9orf72 account for at least 50% of all fALS cases. [9] [10] [11] Since the discovery of the association between SOD1 and fALS, more than 160 point mutations have been reported in the SOD1 gene to cause fALS. 12 In addition, misfolding of wild-type SOD1 has recently been reported in spinal cord motoneurons of sporadic ALS cases. [12] [13] [14] Although the pathogenic mechanism underlying ALS is not fully understood, several cellular perturbations have been identified, including mitochondrial dysfunction, altered axonal transport, neuroinflammation, exitotoxicity, endoplasmic reticulum (ER) stress, and accumulation of ubiquitinated protein inclusions (reviewed in refs. 11 and 12) . The presence of mutant SOD1 aggregates in spinal cord tissue is a common characteristic of all mutant SOD1 transgenic mice generated so far, and this is thought to be a fundamental event triggering its harmful effects. 2, 15 Macroautophagy (referred to hereafter as autophagy) is the main catabolic mechanism of the cell involved in the turnover of organelles and long-lived proteins. Autophagy is characterized Pharmacological activation of autophagy is becoming an attractive strategy to induce the selective degradation of aggregate-prone proteins. Recent evidence also suggests that autophagy impairment may underlie the pathogenesis of several neurodegenerative diseases. Mutations in the gene encoding sOD1 (superoxide disumutase 1) trigger familial amyotrophic lateral sclerosis (aLs), inducing its misfolding and aggregation and the progressive loss of motoneurons. it is still under debate whether autophagy has a protective or detrimental role in aLs. here we evaluate the impact of BecN1/Beclin 1, an essential autophagy regulator, in aLs. BecN1 levels were upregulated in both cells and animals expressing mutant sOD1. To evaluate the impact of BecN1 to the pathogenesis of aLs in vivo, we generated mutant sOD1 transgenic mice heterozygous for Becn1. We observed an unexpected increase in life span of mutant sOD1 transgenic mice haploinsufficient for Becn1 compared with littermate control animals. These effects were accompanied by enhanced accumulation of sQsTM1/p62 and reduced levels of Lc3-ii, and an altered equilibrium between monomeric and oligomeric mutant sOD1 species in the spinal cord. at the molecular level, we detected an abnormal interaction of mutant sOD1 with the BecN1-BcL2L1 complex that may impact autophagy stimulation. Our data support a dual role of BecN1 in aLs and depict a complex scenario in terms of predicting the effects of manipulating autophagy in a disease context.
by the formation of autophagosomes, double-membrane vesicles that sequester cargo material that is then degraded and recycled after fusion to lysosomes. 16, 17 A general consensus in the field indicates that mutant proteins involved in proteinopathies are efficient substrates for autophagy-mediated degradation, as demonstrated, for example, for mutant SOD1 and TARDBP. [18] [19] [20] Alterations in the levels of autophagy markers have been extensively described in most cellular and animal models of ALS (examples in refs. 18, 19, and 21-24) , in addition to human postmortem samples derived from patients. 23, 25 Recent reports suggest that the pharmacological stimulation of autophagy may have protective effects on ALS. For example, we have recently reported that activation of MTOR-independent autophagy delays experimental ALS in mutant SOD1 transgenic mice. 26 In contrast, inhibition of MTOR with rapamycin treatment has no effects 27 or even detrimental consequences 28 on ALS progression in a similar model. Further in contrast, stimulation of both MTOR-dependent and independent autophagy correlates with neuroprotection in TARDBP transgenic mice. 18, 29, 30 However, none of these studies have directly been demonstrated that autophagy mediated the effects on ALS progression in vivo because the drugs used target many cellular processes in addition to autophagy. Direct manipulation of essential autophagy regulators is needed to address the functional involvement of the pathway in ALS.
Growing evidence suggests that autophagy impairment may contribute to neurodegeneration as proposed, for example, in Alzheimer (AD) 31, 32 and Huntington (HD) 33 disease (reviewed in refs. 34 and 35) . Genetic inactivation of specific autophagy genes, Atg5 and Atg7, in the central nervous system results in spontaneous neurodegeneration, associated with accumulation of protein aggregates in the brain, motor dysfunction, and extensive neuronal loss. [36] [37] [38] Interestingly, mutations in some genes associated with ALS, Chmp2b (charged multivesicular body protein 2B) and the lipid phosphatase FIG4, trigger modifications in the autophagy pathway. 39, 40 Moreover, recent genetic screenings in ALS patients also has identified alterations in SQSTM1/p62 and UBQLN2, proteins that participate in the regulation of the autophagy pathway. [41] [42] [43] These data suggest that perturbation in the proteostasis network may contribute to the etiology of ALS.
BECN1 is one of the first proteins described to participate in the mammalian autophagy pathway 44 and is an essential regulator of the class III phosphatidylinositol 3-kinase (henceforth PtdIns3K, whose catalytic subunit is encoded by PIK3C3) in a complex involved in the nucleation 45 and expansion steps during autophagosome formation. 46, 47 Recently, it has been shown that autophagy activation is stimulated by a direct phosphorylation of BECN1 by ULK1. 48 BECN1 is also negatively regulated by a physical association with BCL2L1/BCLX L or BCL2. 49 Besides, BECN1 may also regulate ATG5-ATG7-independent autophagy, 50 placing BECN1 as an integrator of different stimuli engaging autophagy. Cellular levels of BECN1 have been correlated with autophagy activity and its decreased expression and/or availability is associated with normal aging, 51 increased vulnerability to cancer, 52 and to some neurodegenerative disease such as AD 53 and HD. 51 In ALS, however, the role of BECN1 has not been investigated. Although Becn1 knockout mice are embryonic lethal 54, 55 Becn1 haploinsufficient animals have a reduction in autophagy activity and have been employed to demonstrate a functional contribution of autophagy in models of AD, 53 hypoxia, 56 exercise and glucose metabolism, 57 cardiac diseases, 58 and cancer. 54, 55, 59 Based on this evidence, here we investigated the impact of manipulating BECN1 levels in the context of ALS in cellular and animal models of the disease. Our results revealed an unexpected scenario where, although Becn1 haploinsufficiency had an impact upon autophagy and SOD1 levels, it actually led to protection against experimental ALS, with a significant delay in the onset of the disease and prolonged life span. At the molecular level, we identified a novel interaction between mutant SOD1 and the BECN1-BCL2L1 complex that may alter the threshold for autophagy induction. Our results uncover a complex involvement of BECN1 on ALS where it may have distinct effects on specific diseases.
Results

Upregulation of BECN1 expression in an animal model of ALS
To study the possible contribution of BECN1 to ALS pathogenesis, we first measured the expression levels of BECN1 in mutant SOD1 transgenic mice. We employed the SOD1 G86R transgenic mice (the equivalent of human SOD1 G85R ) because this model drives its expression by the endogenous promoter, and encodes an enzyme with minimal SOD1 activity. 23, 60 These mice begin the symptomatic phase at approximately 100 d old in a pure C57BL/6 background as we recently described, 61 and the disease progresses until almost complete paralysis at 130 to 180 d old. Western blot analysis of spinal cord extracts confirmed the presence of mutant SOD1 oligomers in the model at the symptomatic stage of the disease (Fig. 1A) . In the same extracts, we observed a significant induction of BECN1 levels in SOD1 G86R mice when compared with littermate control nontransgenic animals (Fig. 1A, right panel) . These effects were also recapitulated when we quantified Becn1 mRNA levels by real-time PCR in total cDNA obtained from spinal cord tissue of animals at both the presymptomatic and late-symptomatic stages of the disease (Fig. 1B, left panel) . Similar changes were observed in the frontal cortex of the same animals (Fig. 1B,  right panel) . We also determined the expression pattern of BECN1 using histological analysis of brain cortex. A global upregulation of BECN1 levels was detected in the ALS mice using immunofluorescence (Fig. 1C) , showing a characteristic morphological pattern resembling neurons. To confirm these results, we costained neurons with RBFOX3/NeuN (neuronal nuclei) and BECN1 and observed a high degree of coexpression of this marker and BECN1 (Fig. 1D) . Staining of astrocytes with anti-GFAP did not reveal significant coexpression with BECN1 in mutant SOD1 transgenic mice (data not shown). Thus, BECN1 levels are induced in neurons of our ALS mouse model.
Generation of mutant SOD1
G86R transgenic mice heterozygous for Becn1
We then investigated the possible impact of manipulating BECN1 levels in vivo in the context of ALS. As mentioned, becn1 knockout mice are embryonic lethal; 54, 55 G86R and non-transgenic litter-mate control mice (Non-Tg). a merged image of the triple staining is presented. (D) Using samples described in c, the expression of BecN1 and the neuronal marker RBFOX3 were analyzed by indirect immunofluorescence followed by confocal microscopy analysis. The right panel shows a magnification of the area marked with a yellow square. a representative image is presented of the analysis of at least 3 independent animals for genotype. scale bars: 50 µm.
mice that are heterozygous for BECN1 (Becn1 +/− SOD1 G86R ). We confirmed the decrease in BECN1 levels in Becn1 +/− mice ( Fig. S1A and S1B ). Using this approach we obtained 140 animals and the rate of generation of Becn1 +/− SOD1 G86R mice was almost normal ( Table 1) .
Since we were able to generate viable Becn1 +/− SOD1 G86R mice, we monitored the progression of experimental ALS by analyzing life span and disease onset. Based on previous findings we expected that targeting Becn1 should exacerbate the development of ALS. Contrary to our prediction, we observed that Becn1 haploinsufficiency significantly prolonged the survival of SOD1 G86R mice in a large group of animals ( Fig. 2A, in the same animals presented in a, disease onset was measured as the loss of 5% of animal total body weight. (C) average disease onset was calculated by 3 different parameters as described in Materials and Methods: rotarod performance, visual observation of disease signs, and the loss of 5% of animal total body weight. The student t test analysis indicated no differences between groups. average and standard error are presented. (D) The duration of the disease was calculated using the measurements of rotarod performance and the survival curve. average and standard error is presented. P value was determined by the student t test. with a tendency toward delayed disease onset as measured by body weight loss ( Fig. 2B; Fig. S1C ). Although calculation of the average disease onset did not show significant differences between genotypes using various tests ( Fig. 2C) , analysis of the duration of the symptomatic phase of the disease indicated a shortened symptomatic phase in Becn1 +/− SOD1 G86R mice as measured with the rotarod assay (Fig. 2D) . Taken together, these results uncover an unanticipated impact of BECN1 in ALS, where its expression may have detrimental effects on disease progression.
Becn1 haploinsufficiency alters mutant SOD1 oligomerization
We then evaluated the accumulation of mutant SOD1 aggregates in spinal cord extracts from mutant SOD1 transgenic mice. Western blot analysis of protein extracts prepared in 1% NP40 in the absence of a reducing agent resolved different SOD1 species including monomers, oligomers, and highmolecular weight (HMW; stacking gel) aggregates (Fig. 3A) .
Unexpectedly, we observed a distinct effect of targeting BECN1 on SOD1 aggregation. Becn1 +/− SOD1 G86R animals showed enhanced accumulation of monomeric forms of mutant SOD1 (Fig. 3A) , whereas the oligomeric species were reduced (Fig. 3B) . As predicted, the levels of HMW species were also increased in Becn1 +/− SOD1 G86R mice (Fig. 3A) . As a control, we confirmed that the mRNA expression of the Sod1 transgene was not altered in Becn1 +/− SOD1 G86R mice in presymptomatic or end-stage of the disease, as measured by real-time PCR (Fig. 3C) . Interestingly, increased levels of Sod1 mRNA were observed in mutant SOD1 transgenic mice as the disease progresses.
Altered autophagy levels in Becn1 +/− SOD1 G86R mice To confirm the impact of Becn1 haploinsufficiency on autophagy levels in our mouse model, we measured the expression of SQSTM1 (also known as p62). 62, 63 SQSTM1 is a well-described autophagy substrate, and operates as an adaptor protein that acts as a bridge between aggregates and autophagy clearance, and its levels are increased when autophagy +/+ sOD1 G86R and Becn1 +/− sOD1 G86R mice at the symptomatic stage using western blot analysis. each well represents an independent animal ordered by crescent genotype and crescent life span. Of note sOD1 oligomers and high molecular (hMW) aggregates are detected in this analysis. "*" represents the same sample from the first lane of Becn1 +/+ sOD1 G86R mice presented in the left western blot used as a normalization marker to select equivalent film exposure for proper comparison. (B) Mutant sOD1 oligomers were quantified from experiments presented in (A). For the analysis, the average signal of control transgenic mice (*) was normalized to 1 to compare both gels. (C) in parallel, Sod1 mRNa levels were measured by real-time PcR in samples from presymptomatic and end-of-disease stages (right panel). Actin levels were monitored for normalization of gene expression. in (B) and (C), mean and standard error are presented for the analysis of independent animals (at least n = 6 per group). P values were calculated with the student t test. n.s., nonsignificant differences.
is impaired. Analysis of SQSTM1 levels in spinal cord extracts from symptomatic SOD1 G86R mice indicated a significant accumulation when compared with non-transgenic animals as described before. 21, 26, 64 Remarkably, SQSTM1 levels were further increased in Becn1 +/− SOD1 G86R animals (Fig. 4A) , showing a 2-fold enhancement that was statistically significant (Fig. 4B) .
As a control, we monitored Sqstm1 mRNA levels using real-time PCR, which showed no differences in the expression levels in Becn1 +/+ SOD1 G86R compared with Becn1 +/− SOD1 G86R animals (Fig. 4C) . We then defined the expression pattern of SQSTM1 using histological analysis. SQSTM1 expression was in general restricted to neurons as assessed after costaining with the +/+ sOD1 G86R mouse shown in the left gel used as a normalization sample. (B) sQsTM1 levels were quantified from samples described in a. statistical analysis was performed using a one-way aNOVa test; data represent mean and standard error of at least 4 independent animals per genotype. (C) Sqstm1 mRNa levels were measured by realtime PcR in samples presented in (A). Mean and standard error is shown. n.s., nonsignificant differences. (D) immunofluorescence analysis of sQsTM1 (green) and MaP2 staining (neuronal marker, red) or (E) sQsTM1 and GFaP staining (astrocytes, red) was performed in spinal cord tissue derived from sOD1 G86R and non-transgenic littermate control mice (Non-Tg). hoechst staining was also performed (blue). a merged image of the triple staining is presented together with a zoom of the selected area (yellow square). a representative image is presented of the analysis of 3 independent animals for genotype. scale bars: 10 µm. (F) Levels of Lc3-i and ii were evaluated by western blot in spinal cord samples from Becn1 +/+ sOD1 G86R and Becn1 +/− sOD1 G86R mice. The western blot for Lc3-i and ii was performed in a 17% sDs-PaGe. each well represents an independent animal analyzed.
neuronal marker MAP2 (Fig. 4D) , compared with astrocytes ( Fig. 4E) . To complement these studies, the levels of MAP1LC3B (hereafter LC3; microtubule-associated protein 1 light chain 3 β) were also measured by western blot. We observed a clear reduction of the lipidated LC3-II form of near 80% on average in Becn1 +/− SOD1 G86R mice when compared with SOD1 G86R control animals (Fig. 4F) . Finally, we also monitored the levels of BCL2L1 and BCL2, 2 negative regulators of BECN1, in our experimental groups and did not detect any changes between groups ( Fig. S1D and S1E) .
We also performed histological characterization of the spinal cord of mutant SOD1 transgenic mice to visualize glial activation and motoneuron survival. We determined the levels of astrocyte activation after GFAP staining and microscopy in both Becn1 +/− SOD1 G86R and control animals at the late stage of the disease (Fig. 5A) . There was only a trend of protection in Becn1 +/− SOD1 G86R mice after quantifying GFAP signal (Fig. 5B) . RBFOX3 staining was performed to visualize neuronal survival in the ventral horn of the spinal cord. No differences in the neuronal content of Becn1 +/+ SOD1 G86R and Becn1 +/− SOD1 G86R mice were observed in late-symptomatic animals ( Fig. 5A ).
In addition, we evaluated the levels of GFAP and RBFOX3 in spinal cord of SOD1 G86R mice in presymptomatic stage of the disease in animals of the same age (Fig. S2) . We did not observe any differences between Becn1 +/+ SOD1 G86R and Becn1
BECN1 expression decreases the aggregation of mutant SOD1 in NSC34 motoneuron cells
We then investigated the impact of BECN1 in a cellculture model of ALS. To monitor the levels of BECN1 in cells expressing mutant SOD1, we transiently expressed human wildtype (SOD1 WT ) or mutant SOD1 G85R as EGFP fusion proteins in the motoneuron cell line NSC34. As shown in Figure 6A after 72 h of transfection, accumulation of SOD1 G85R aggregates was detected in NSC34 cells, correlating with increased levels of LC3-II form. On the other hand, the expression of SOD1
WT did not increase LC3-II levels in this experimental setting. As control to measure LC3-II generation, NSC34 cells were treated with a cocktail of lysosome inhibitors including bafilomycin A 1 and pepstatin (Fig. 6A) . In these experiments, a clear upregulation of BECN1 was observed in cells expressing SOD1 G85R (Fig. 6B) . We then wanted to confirm the previously reported role of autophagy on mutant SOD1 levels. 18, 19, 23 For this purpose, cells expressing SOD1 G85R -EGFP were treated with the PtdIns3K inhibitor 3-methyladenine (3-MA). We observed a marked accumulation of mutant SOD1 species, including monomers and aggregates (Fig. S3A) . Similar results were observed when lysosomal activity was blocked with bafilomycin A 1 and pepstatin (not shown).
To further study the impact of BECN1 on mutant SOD1 levels, we transiently transfected NSC34 cells with an expression vector for a FLAG-tagged version of BECN1 together with a SOD1 G85R -EFGP vector. Expression of BECN1 WT dramatically reduced the levels of mutant SOD1 (Fig. 6C) . Quantification of several experiments revealed a 50% reduction in the total levels of mutant SOD1 aggregates (Fig. 6D) , but also monomers (Fig. S3B) . In agreement with this result, we recently reported that stimulation of autophagy with trehalose induces the clearance of aggregated and monomeric forms of mutant SOD1.
26
BCL2 and BCL2L1 are negative regulators of autophagy by a direct interaction with BECN1. 49 As expected, transient expression of FLAG-BCL2L1 partially reduced the effects of BECN1 on mutant SOD1 aggregation (Fig. 6C) . Consistent with these findings, expression of an active form of BECN1 that lacks the BCL2 and BCL2L1 binding site (BECN1 delta ) 49 has a strong effect in reducing mutant SOD1 levels both at the level of monomers and aggregates (Fig. 6D) . In addition, we inhibited autophagy with 3-MA in NSC34 cells overexpressing SOD1 and BECN1, showing increased accumulation of SOD1 aggregates (Fig. S3C) . Taken together, these results indicate a functional role of BECN1 in the clearance of mutant SOD1. 
Becn1
+/− , Becn1 +/+ sOD1 G86R , and Becn1 +/− sOD1 G86R at the late stage of disease. hoechst staining was also performed. a merged image of the triple staining is presented together with a zoom of the selected area (yellow square). a representative image is presented of the analysis of 3 independent animals for genotype. scale bars: 10 µm. (B) Quantification of the GFaP signal intensity is presented for 3 animals from each genotype. Mean and standard deviation are presented. P value was calculated with the student t test. n.s., nonsignificant differences. autophagy Volume 10 issue 7
An abnormal interaction of mutant SOD1 with BECN1 through BCL2L1
Our results suggest that BECN1 expression may have an unfavorable effect on ALS progression in mouse models. Studies in Parkinson disease (PD), 65 Huntington disease, 51 and AD 66 models indicate that an abnormal interaction of diseaserelated proteins with BECN1 may alter its biological function, contributing to neurodegeneration. Because BCL2 and BCL2L1 are negative regulators of BECN1, and mutant SOD1 has an altered association with BCL2, 67,68 we decided to explore the possible effects of mutant SOD1 on the BECN1-BCL2L1 complex. Analysis of the subcellular distribution of SOD1-EFGP and FLAG-BECN1 in NSC34 cells using immunofluorescence and confocal microscopy analysis indicated an enhanced colocalization of mutant SOD1 with BECN1 when compared with SOD1 WT (Fig. 7A) . We then tested the possible formation of a protein complex between mutant SOD1 and BECN1. We cotransfected expression vectors for SOD1 G93A -MYC, FLAG-BCL2L1, and FLAG-BECN1
WT into 293T HEK cells and then performed immunoprecipitation (IP) of MYC followed by western blot analysis. Remarkably, BECN1 was efficiently precipitated with mutant SOD1, suggesting the formation of a protein complex (Fig. 7B) . As expected, BCL2L1 was also coprecipitated in these experiments (Fig. 7B) . Virtually identical results were obtained when another ALS-linked mutant, SOD1
G85R -MYC, was tested (Fig. 7C) . Using the same experimental system, no interactions between SOD1 WT -MYC and BECN1 was detected when compared with mutant SOD1, whereas BCL2L1 was still precipitated with SOD1 WT (Fig. 7D) . We then repeated these experiments on the motoneuron cell line NSC34. IP of SOD1 G93A -MYC confirmed the formation of a protein complex with FLAG-BECN1 and FLAG-BCL2L1 (Fig. 7E) . Remarkably, deletion of the BCL2L1 interaction site in BECN1 reduced the association between BECN1 and mutant SOD1 (Fig. 7E) , suggesting the need for an interaction between BCL2L1 and BECN1 for the association with mutant SOD1. Finally, we addressed the functional impact of mutant SOD1 on the stability of the BECN1-BCL2L1 complex. For this purpose, we immunoprecipitated BECN1-MYC and addressed its association with BCL2L1 in the presence or absence of mutant SOD1. As shown in Figure 7F , expression of SOD1 significantly decreased the stability of the interaction between BECN1 and BCL2L1. In summary, our results suggest that ALS-linked mutant SOD1 alters the BECN1-BCL2L1 complex possibly through an abnormal physical association.
Discussion
ALS is a progressive and disabling neurodegenerative disease, characterized by paralysis and premature death of the patient. There is no definitive treatment for this illness, and the only currently approved drug by the FDA is riluzole, an anti-glutamatergic compound that has only modest benefits in ameliorating disease signs. 69 Clarifying the common mechanisms shared by sporadic and familial cases of ALS should bring insights for the development of effective therapies for both disease forms. Although the participation of protein aggregation in the pathogenesis of neurodegenerative diseases is still a subject of considerable debate, it is clear that abnormal folding of SOD1 and other ALS-linked proteins such as TARDBP and FUS, directly correlates with neuronal toxicity and motor dysfunction in the disease. This is why strategies to reduce the load of misfolded proteins are emerging as an attractive approach for disease intervention in neurodegenerative diseases, including ALS. [70] [71] [72] BECN1 is an essential regulator of autophagy with validated biological functions in several neurodegenerative diseases, cancer, and ischemia, among other pathological conditions. [70] [71] [72] Interestingly, in normal human brain, there is a progressive decrease in Becn1 mRNA and protein levels during aging. 51 Moreover, a decrease in BECN1 levels is observed in AD brains and also mouse models of the disease. 53, 73 In agreement with this idea, several studies have demonstrated that autophagy impairment is a relevant pathological event in AD models. 32, 74 Functional studies using Becn1 heterozygous mice and also gain of function approaches with gene therapy demonstrated that stimulation of BECN1-dependent autophagy has a positive effect in reducing amyloid deposits in AD 53 and Machado-Joseph disease models. 75 Similar results are reported in an α-Synuclein (Snca) transgenic mouse, a model of PD and Lewy body disease. 73, 76 In other pathological conditions, BECN1 expression is upregulated including models of brain ischemia, 77 HD, 78 traumatic brain injury, 79 PD, 80 and lipid storage disorders, 81, 82 in addition to the brain of patients infected with HIV. 83 Here we report the upregulation of BECN1 in a cellular and in a mouse model of ALS, confirming our previous findings in human postmortem tissue derived from sporadic ALS and fALS cases. 23 Despite initial expectations that the reduction of BECN1 levels would accelerate ALS disease progression, it actually has a significant protective effect. These results were associated with a complex signature of SOD1 oligomeric species, where monomeric and high molecular weight aggregates were accumulated in the spinal cord of Becn1 +/− SOD1 G86R mice. We speculate that the reduction in oligomeric forms may actually contribute to protection against ALS. Recent reports suggest that large SOD1 protein inclusions may have a protective effect on ALS, and also in HD, because they could trap neurotoxic oligomeric species that are highly diffusible and more abundant in terms of specific concentrations. 84, 85 In agreement with this concept, we have recently reported that targeting the ER stress transcription factor ATF4 protects against ALS and also enhances mutant SOD1 aggregation. 86 We have also reported that the ablation of another ER stress transcription factor termed XBP1 in ALS mouse models provides neuroprotection through a shift in the protein homeostasis network toward the upregulation of autophagy in motoneurons. 23 Based on these observations, we monitored ER stress levels in mutant SOD1 mice on a wild-type or Becn1 +/− background and did not detect any significant differences on the levels of the classical stress markers Hspa5/Bip and Ddit3/Chop (Fig. S4) .
Treatment of mutant SOD1 mice with trehalose protects against ALS, correlating with the stimulation of MTORindependent autophagy, 26 which induces autophagy flux in the nervous system. 87 In contrast, treatment of SOD1 mice with rapamycin has detrimental 28 or no effects 27 on disease progression and animal survival. 27, 28 In these experiments, although changes on LC3 levels are demonstrated upon rapamycin treatment, no effects on mutant SOD1 levels are reported. 28 These results are surprising since rapamycin treatment has been shown to be beneficial in diverse neurodegenerative disease models. 88 In contrast, treatment of a TARDBP transgenic mouse model with rapamycin, spermidine, carbamazepine, or tamoxifen delays experimental ALS, correlating with the upregulation of autophagy markers. 89 Although that study has great therapeutic potential, the association with autophagy as a mechanism of action of the compounds tested was only correlative. Besides, it is well known that most of the drugs tested to stimulate autophagy have many other cellular targets. 90 Our current study using Becn1 heterozygous mice is the first direct demonstration for the possible involvement of autophagy on ALS, providing unexpected results.
We speculate that autophagy impairment may contribute to ALS through alterations of BECN1 function due to abnormal protein-protein interactions as reported in other diseases. 35 Then, reducing BECN1 levels may bypass this specific molecular alteration on the pathway as suggested here by reducing the levels of autophagy (see model in Fig. 8 ). Supporting this concept, an early report shows that mutant huntingtin inclusions sequester BECN1, which may impair its function. 51 This observation is confirmed in cell-culture and animal models of the disease, in addition to human postmortem tissue from HD patients. 51 Similarly, PINK1, a gene also involved in PD and mitophagy, binds to BECN1, altering the stimulation of autophagy. PINK1 has also been shown to interact with BCL2L1, a negative regulator of BECN1. 91 A recent report also indicates that the PARK2/Parkin-BECN1 complex is altered in mouse models of AD. 66 Since mutant SOD1 interacts with BCL2, 67 here we explored if the BECN1 complex is altered in a cellular model fALS. Our results uncover an abnormal association of mutant SOD1 with the BECN1-BCL2L1 complex that was not observed with SOD1
WT . This interaction was associated with a reduced stability of the complex, suggesting that mutant SOD1 may alter the autophagy machinery through BECN1. Thus, BECN1 may have a dual participation in the disease, both promoting the degradation of misfolded proteins (downstream effect) and the modulation of the threshold for autophagy activation due to an abnormal interaction with mutant SOD1 (upstream alteration) (Fig. 8) . This study identifies for the first time a protective role of Becn1 haploinsufficiency in neurodegenerative diseases, indicating a specific contribution of the pathway to ALS that contrasts with its known role in other pathologies. Complementary mechanisms of protection of Becn1 deficiency remain to be explored. Since we only used one particular mutant SOD1 mice, our findings need to be confirmed in other ALS mouse models to assess the actual contribution of BECN1 to the disease process. Interestingly, the first characterization of Becn1 +/− mice demonstrates that loss of one copy of Becn1 is inductive in long-term cancer. 54, 55 Autophagy impairment in cancer has been proposed to trigger genomic instability possibly Once autophagy is triggered, BcL2 or BcL2L1 are released from BecN1 and the Ptdins3K (whose catalytic subunit is PiK3c3) is activated, resulting in formation of autophagosomes and downstream autophagy-mediated degradation of cargoes. (B) in aLs, the expression of mutant sOD1 leads to 2 possibilities: a formation of a triple complex between sOD1 and the BecN1-BcL2L1 complex or to an abnormal association with the BecN1 and BcL2L1 complex, destabilizing the interaction leading to abnormal autophagy levels. These pathological effects may be attenuated by the reduction of BecN1 levels in BECN1 heterozygous animals, which may normalize autophagy activity. in addition, mutant sOD1 aggregates are substrates of autophagy-mediated degradation.
due to the occurrence of oxidative stress, promoting cancer cell survival. 62, 63 Although markers of the unfolded protein response were not altered in Becn1 +/− mice, we cannot exclude the possibility that global adaptive changes in the proteostasis network may contribute to the protective effects observed in these animals as we describe in other models. 23, 92 This report highlights the need for a better understanding of the actual contribution of autophagy to ALS to move forward developing therapeutic strategies to treat this devastating disease.
Material and Methods
Plasmids and reagents
Pepstatin and E64D were purchased (P4265 and E3132, respectively) from Sigma-Aldrich. Bafilomycin A 1 was purchased from Calbiochem (196000). Cell media and antibiotics were obtained from Life Technologies. Fetal calf serum was obtained from Atlanta Biologicals (S11050H). Hoechst was purchased from Molecular Probes (51731). All transfections were performed using the Effectene reagent (Qiagen, 301425). DNA were purified with Qiagen plasmid midi kits (Qiagen, 12143).
SOD1-EGFP expression vectors were described before. 93 For BECN1 cell overexpression, we employed FLAG or MYC epitope-tagged vectors cloned into pCR3. 94 and FLAG-BCL2L1.
Animal experimentation
As an ALS animal model we employed the SOD1 G86R transgenic mice (the equivalent of the human SOD1 G85R mutation) 23 ,95 that we backcrossed into a C57/b6 background. 26, 61 The expression of the SOD1 mutant gene is driven by the endogenous SOD1 promoter. In addition, SOD1
G86R encodes an enzyme with low SOD activity, and thus expression of the altered enzyme does not significantly affect overall SOD1 cellular activity when added to the genome in the presence of two wild-type parental genes. We generated SOD1 G86R mice heterozygous for Becn1 54 by crossing the SOD1 G86R mice with Becn1 heterozygous mice. F1 animals were used in all experiments to maintain the ratio of mix background. The animal care and all animal experiments were performed according to procedures approved by "Guide for the Care and Use of Laboratory Animals" (Commission on Life Sciences, National Research Council. National Academy Press 1996) and approved by the Bioethical Committee of the Faculty of Medicine, University of Chile.
Analysis of disease parameters
To assess disease onset, progression of the disease, and survival of animals, we monitored a group of disease parameters, including loss of motor performance, body weight loss, and qualitative assessment of visual disease signs. For each parameter the day of onset was defined using the following criteria: We determined motor performance using the rotarod test 3 times per wk starting at 60 d old using an acceleration protocol (Panlab SL, Model LE8500, need address for apparatus). 26, 86 Disease onset was defined as the day before the animals were not able to perform the task. Body weight was measured 3 times per wk beginning at 30 d old. In this case, onset was defined as the day before the animal lost more than 5% of the peak of its body weight. To monitor rotarod performance, measurements started at 60 d old. The onset of the disease was calculated by this parameter considering the day when the animal was not able to maintain itself on the rotor by more than 0 s. To determine disease onset by visual disease sign observations, we monitored and scored the appearance of abnormal limb-clasping (c), tremor felt in hind-limbs (t), dirty appearance of skin (s), backbone arching (a), and paralysis (p) ( Table S1 and ref. 26) . We assigned to each visual observation a score 1 when the symptom appeared, 3 when it increased or 5 when the phenotype was severe. As the backbone arching and paralysis frequently appear as a result of a severe neuronal dysfunction, the score for these symptoms started from 3 instead of 1 ( Table S1 ). Using this score disease onset was defined as when the value reached more than 10. The end-stage of disease was determined as the time when an animal was not able to right itself up within 30 s after being placed on its back. The progression of the disease for each parameter was calculated as the difference in d from the end point (sacrifice) and the onset of the disease.
Assays for the detection of mutant SOD1 aggregation We used the NSC34 (neuroblastoma-spinal cord 34) cell line as a motoneuron-cell like model for the experiments on mutant SOD1 aggregation, inclusions, observation of autophagy markers, and for the production of cell lines with decreased or increased expression of BCN1. NSC34 cells were selected for this study due to valuable characteristics of motoneurons. 93, 96 For SOD1 expression assays, cells were transiently transfected with the SOD1 ALS-linked expression constructs and autophagy pathways components. The EGFP-SOD1 constructs were employed to visualize and quantify the formation of intracellular SOD1 inclusions in living cells by fluorescent microscopy. Insolubility in nondenaturing detergents of SOD1 oligomers was assessed using biochemical analysis followed by western blot analysis. After 72 h of transfection, total cell extracts were prepared in 1% NP40 buffer (Merck, 301425) in phosphate-buffered saline (PBS; 21600-010) containing a protease inhibitor cocktail (Roche, 4693124001) and sonicated. Protein concentration was determined by micro-BCA assay (Pierce Thermo Scientific, 23235). The following primary antibodies and dilutions were used: anti-GFP 1:2000 (Santa Cruz Biotechnology, sc-9996), anti-HSP90 1:3000 (Santa Cruz Biotechnology, sc-33755), and anti-BECN1 1:10000 (Santa Cruz Biotechnology, sc-11427); anti-SOD1 1:3000 (Calbiochem, 574597); anti-LC3 1:1000 (Cell Signaling, 2775S). The secondary antibodies employed, all at 1:4000 dilutions, were: anti-mouse (Life Technologies, 62-6520), anti-rabbit (Life Technologies, 65-6120), and antisheep (Sigma-Aldrich, A3415).
RNA extraction and quantitative real-time PCR Total RNA was extracted from cell lines directly using TRIzol (Life Technologies, 15596-018). For spinal cord RNA extraction, the tissue was previously homogenized in PBS and 1/3 of the resulting homogenate was separated for TRIzol, and 2/3 were diluted in lysis buffer for western blot assay. cDNA was synthesized with SuperScript III (Life Technologies, 11754250) using random primers p(dN)6 (Roche) and quantitative real-time PCR by standard protocols. 97 Actin was used as a housekeeping cell control. Primer sequences for Sqstm1: forward 5′-CGATGACTGG ACACATTTGT CT-3′ and reverse 5′-GTCCTTCCTG TGAGGGGTCT-3′. For Becn1: forward 5′-GAGCCATTTA TTGAAACTCG CCA-3′ and reverse 5′-CCTCCCCGAT CAGAGTGAA-3′. For Sod1: forward 5′-GCCCGCTAAG TGCTGAGTC-3′ and reverse 5′-CCAGAAGGAT AACGGATGCC A-3′. For Bcl2l1: forward 5′-GCTGGGACAC TTTTGTGGAT-3′ and reverse 5′-AAGAGTGAGC CCAGCAGAAC-3′. For Hspa5: forward 5′-TCATCGGACG CACTTGGAA-3′ and reverse 5′-CAACCACCTT GAATGGCAAG A-3′. For Ddit3: forward 5′-CCCTGGCTTT CACCT TGG-3′ and reverse 5′-CCGCTCGTTC TCCTGCTC-3′. For Actb: forward 5′-CTCAGGAGGA GCAATGATCT TGAT-3′ and reverse 5′-TACCACCATG TACCCAGGCA-3′.
Western blot assays of spinal cord tissue One centimeter lumbar spinal cord tissue was collected and homogenized in RIPA buffer (20 mM Tris pH 8.0, 150 mM NaCl, 0.1% SDS, 0.5% DOC, 0.5% triton X-100) containing a protease inhibitor cocktail (Roche, 4693124001) by sonication. Protein concentration was determined by micro-BCA assay (Pierce Thermo Scientific, 23235). The equivalent of 30-50 µg of total protein was loaded onto 8 or 17% SDS-PAGE minigels depending on the analysis. The following primary antibodies and dilutions were used: anti-BECN1 1:10000 (Santa Cruz Biotechnology, sc-11427), anti-HSP90 1:3000 (Santa Cruz Biotechnology, sc-33755), anti-SOD1 1:3000 (Calbiochem, 574597), anti-LC3 1:1000 anti-LC3 1:1000 (Cell Signaling, 2775S); anti-SQSTM1 1:10000 (Abcam, AB56416). And the secondary antibodies employed, all at 1:4000 dilution, were: anti-mouse (Life Technologies, 62-6520), anti-rabbit (Life Technologies, 65-6120), and anti-sheep (Sigma-Aldrich, A3415).
Tissue analysis
To monitor SOD1 pathogenesis in vivo, animals were euthanized and tissue collected for histology at the endstage of the disease. Spinal cord tissue was processed for immunohistochemistry using standard procedures as described. 98 In brief, mice were perfused transcardially with 4% paraformaldehyde in 0.1 M PBS. The spinal cord was removed and postfixed for 3 h in 4% paraformaldehyde. The spinal tissue was subjected to a sucrose gradient (5%, 10%, and 30% sucrose in PBS), cryoprotected with Optimal Cutting Temperature compound (Tissue Tek, 25608-930), and fast frozen using liquid nitrogen. The tissue was longitudinally sectioned (5-µm thick slices) using a cryostat microtome (Leica). Sections were immunostained using antibodies anti-NeuN (RBFOX3) 1:300 (Millipore, MAB377), anti-GFAP 1:1000 (Dako, N1506), MAP2 1:300 (Millipore, AB5622), and anti-SQTM1 1:1000 (Abcam, AB56416). Secondary antibodies: mouse Alexa 594 1:500 (Molecular Probes, A11007) and anti-rabbit Alexa 488 1:500 (Molecular Probes, A11006). Tissue sections were viewed with an Olympus IX71 microscope and images were captured using a QImaging QICAM Fast 1394 camera. BECN1 expression was analyzed by indirect immunofluorescence using the following protocol. Brain cortex tissue was prepared as described above for spinal cord tissue. However, before sectioning, tissue was incubated in formalin for 24 h, dehydrated in ethanol series, and embedded in Paraplast Plus (Monoject Scientific, 02847-AB). Ten micrometer sections were then processed for deparaffinization with alcohol series. Sections were rinsed in water and PBS for 10 min and incubated with primary BECN1 antibody at 37 °C for 1 h. Sections were washed 3 times in PBS and incubated with secondary antibody for 1 h at RT. Sections were then washed 3 times in PBS and mounted with Fluoromount G (Electron Microscopy Science, 0100-01). Images were acquired using an Olympus Fluoview FV1000 confocal laser scanning microscope. Sections were immunostained using antibodies anti-BECN1 1:200 (Abcam, AB62472), anti-RBFOX3 1:300 (Millipore, MAB377), secondary anti-mouse Alexa 594 1:500 (Molecular Probes, A11007) and anti-rabbit Alexa 488 1:500 (Molecular Probes, A11006).
Immunoprecipitation experiments and colocalization analysis IP assays were performed in HEK 293T and in NSC34 cells cotransfected with vectors encoding FLAG-BECN1 G93A -MYC, and SOD1 G85R -MYC (pcDNA3.1/MYCHis-SOD1 vectors) by using anti-MYC antibody-agarose complexes (Santa Cruz Technology, sc-40 AC). Protein complexes were eluted by competing with 1.4 mg/ml MYC peptide (Sigma-Aldrich, M2435). HEK293T or NSC34 cells seeded in 6-well plates were cotransfected and 48 h later the cell extracts were collected, centrifuged, and the resulting pellet was resuspended in 500 µL of 0.2% NP40 buffer (100 mM KCl, 50 mM Tris [pH 7.5], 50 mM NaF, 1 mM Na3VO4, 250 mM PMSF, and protease inhibitors). Post nuclear protein extracts were incubated with the anti-MYC antibody-agarose complexes for 4 h at 4 °C in a wheel rotor, and then washed twice in 1 ml of NP40 buffer. A third wash was performed in NP40 buffer with 500 mM NaCl. The IP and coimmunoprecipitation verification were assessed by western blot assays.
Statistical analysis All data were analyzed by the Student t test, one-way ANOVA followed by Bonferroni posttest, or Kaplan-Meier statistics. The GraphPad Prism 5 software was used for statistical analysis.
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